Introduction
============

Bevacizumab and ranibizumab are two therapeutic agents that suppress all isoforms of vascular endothelial growth factor (VEGF). They are currently the most commonly used agents for the treatment of the exudative form of age-related macular degeneration (AMD) and macular edema due to central and branch retinal vein occlusion. Both agents are used on an off-label basis for the treatment of non-AMD choroidal neovascularization and diabetic macular edema in the United States.

Wound healing complications following systemic use of bevacizumab are well known and include wound dehiscence and hemothorax after thoracotomy and port placement, surgical site bleeding, incisional hernias, erosions, ecchymoses, and infection.[@b1-opth-7-185]--[@b5-opth-7-185] These adverse events are especially prevalent in patients over the age of 60 years.[@b6-opth-7-185] As a result of these, several reports have recommended discontinuation of systemic bevacizumab 4--6 weeks prior to surgery and recommencement 4 weeks after surgery.[@b6-opth-7-185]--[@b10-opth-7-185] Despite these findings, there has been little investigation into the effects of wound healing after intravitreal use of bevacizumab and ranibizumab. This is partly because of the large number of variables associated with wound healing (eg, differing incision size and depth, time of wounding in relation to intravitreal injection). Therefore, an animal model in which the number of these variables is minimized becomes a reasonable option to study the effects of intravitreal anti-VEGF agents on cutaneous wound healing.

A recent histopathologic report demonstrated that both of these intravitreally placed agents suppressed neovascularization of cutaneous wound margins by quantitative assessment of CD34 immunostaining 1 week following treatment compared with untreated controls. There was a nonsignificant inhibitory trend for both bevacizumab and ranibizumab (*P* = 0.013 and 0.071 respectively, alpha \< 0.008). At 2 weeks, there was no demonstrable effect for either agent (*P* = 0.471 and 0.297 respectively), presumably since the wounds had entered the maturation phase of healing when the number of wound blood vessels is decreased.[@b11-opth-7-185]

To the authors' knowledge, there are no reports on the functional outcomes of cutaneous wound healing following intravitreal anti-VEGF therapy. Measurement of wound tensile strength is an established method for evaluating the biomechanical properties of wound repair, specifically collagen function.[@b14-opth-7-185]--[@b17-opth-7-185] The primary purpose of this study was to investigate the effect of intravitreally placed bevacizumab and ranibizumab on wound tensile strength during cutaneous wound healing in a rabbit model at 1 and 2 weeks and to compare these effects to intravitreal saline controls. Since there was an inhibitory trend at week one in our previous report, we also evaluated neovascularization of cutaneous wound margins by quantitative assessment of CD34 immunostaining 1 week following treatment compared with untreated controls.

Methods
=======

Intravitreal injection and cutaneous biopsy
-------------------------------------------

A total of 120 New Zealand white rabbits (Myrtle's Rabbitry, Thompsons Station, TN, USA) weighing 3.8--3.9 kg was used in this study. All treatments were conducted in agreement with the principles of laboratory animal care (National Institutes of Health publication No 85-23, revised 1985), the OPRR Public Health Service Policy on the Humane Care and Use of Laboratory Animals (revised 1986) and the US Animal Welfare Act. All experimental protocols were approved, and the procedures followed were in accordance with the ethical standards of The Institutional Animal Care and Use Committee at The Ohio State University. Prior to general anesthesia, each rabbit was administered 0.3 mg/kg of meloxicam orally. Anesthesia was induced with 10 mg/mL acepromazine subcutaneously and maintained with 3%--5% isoflurane. Electric clippers were used to shave the dorsal skin of the rabbit, and this area was then cleansed with 10% povidone-iodine and 70% alcohol. A standard 6 mm dermatologic punch biopsy (Sklar Tru Punch; Sklar Instruments, West Chester, PA, USA) was used to create two full-thickness cutaneous wounds with removal of the skin core. These were created approximately 3 cm lateral to each side of the cervicothoracic vertebral column in the mid-dorsum area. The rabbits were randomly assigned to one of three groups, each consisting of 40 rabbits. Immediately following the biopsies, each rabbit received an intravitreal injection in the left eye consisting of 0.05 mL of 1.25 mg/0.05 mL bevacizumab, 0.5 mg/0.05 mL ranibizumab or 0.05 mL of normal saline.

Wound biomechanics
------------------

To assess the strength of the healing wounds, skin biopsies (30 mm × 80 mm) were harvested from the flanks of the bevacizumab-, ranibizumab-, and saline-treated rabbits 7 or 14 days post wounding ([Figure 1A](#f1-opth-7-185){ref-type="fig"}). Only biopsy sites with clearly visible central core defects were harvested. Following wound harvesting, the anesthetized rabbits were euthanized by intravenous injection of 3 mL of saturated potassium chloride. Each rectangular-shaped skin biopsy was stored in a 50 mL polypropylene conical tube containing normal saline solution and placed in ice for 2--4 hours until cut into a dog bone--shaped specimen it was (gauge length of 2 mm and gauge width of 4 mm) for tensile testing ([Figure 1B](#f1-opth-7-185){ref-type="fig"}). The harvested skin was placed in a position such that the biopsied site was in the center of the gauge length and width ([Figure 1B](#f1-opth-7-185){ref-type="fig"}). The muscle fascia was removed from each dog bone specimen with a scalpel. Each specimen was then mounted into the grips of a TestResources mechanical tester model 1000R12 (TestResources, Shakopee, MN, USA) with a 50 lbf load cell ([Figure 1C](#f1-opth-7-185){ref-type="fig"}). All skin samples were strained at a rate of 2 mm/s until failure and maximum load was recorded in newtons (N). Specimens that failed at the wound site due to the weight of the bottom half of the dog bone were assigned a strength of zero N.

Histopathology
--------------

On day 7, two 6 mm biopsy sites were harvested from the dorsal skin of the anesthetized rabbit, with a standard 12 mm dermatologic punch biopsy (Accuderm, Ft Lauderdale, FL, USA) that included the entire previous biopsy site along with surrounding normal skin. Only biopsy sites with clearly visible central core defects were harvested. Immediately after harvesting, skin samples were placed into conical tubes containing 10% neutral-buffered formalin. After 48 hours, the formalin was exchanged with 70% ethanol and the biopsied skin was routinely processed, embedded in paraffin wax, and sectioned at 5 μm. Serial paraffin sections placed on poly-L-lysine slides were immunohistochemically stained for CD34 as described in a previous report.[@b11-opth-7-185] Ten contiguous 400× fields at the biopsy site wound margins of CD34-stained sections were photographed using a six-headed Olympus BX51 light microscope with attached Altra 20 digital camera and MicroSuite software (B&B Microscopes Limited, Pittsburgh, PA, USA). The photomicrographs were assorted randomly, and two independent observers who were blinded to the experimental groups recorded the numbers of CD34-stained endothelial cell clusters for each slide. The observer score means for each photomicrograph and the mean neovascularization (MNV) scores representing all of the 10 photomicrographs for each subject were calculated and evaluated.

Statistical analysis
--------------------

A linear mixed model with random intercepts was fit to compare the difference in max load between treatment groups and the control group. The mixed model adjusts for the possible correlation of repeated measurements within subjects. Holm's step-down method for multiple comparisons was used to adjust for multiple hypothesis tests.

A linear mixed model was fit to compare the difference in mean scores between all three treatment groups (avastin, lucentis, and saline). The mixed model adjusts for the possible correlation of repeated measurements of specimens within wounds and wounds within rabbits by treating wounds within rabbits and specimens within wounds as random effects. Tukey's method for pair-wise comparisons was used to adjust for multiple hypothesis tests. Interobserver correlation coefficient was used to assess agreement among raters.

Results
=======

Wound biomechanics
------------------

Following the procedures, the rabbits were monitored daily. At the time of wound harvesting all of the rabbits had clearly evident cutaneous wound without signs of infection. The treated eyes were absolutely quiet without signs of discharge, redness, or irritation at the time of harvesting.

All of the subjects had at least one specimen harvested for tensile strength evaluation. However, eight biopsy sites on day 7 (five bevacizumab and three saline controls) from eight separate rabbits and one biopsy site from on day 14 (saline control) did not have clearly visible central core defects and these were not harvested.

On day 7, both treatment groups had significantly reduced wound tensile strength compared with saline controls. The following wound tension reading means with standard error and 95% confidence intervals (CIs) and adjusted *P*-values in newtons were found: saline placebos, 7.46 ± 0.87, CI 5.72--9.20; bevacizumab, 4.50 ± 0.88, CI 2.74--6.27 (*P* = 0.0406); and ranibizumab, 4.67 ± 0.84, CI 2.97--6.37 (*P* = 0.0250). On day 14, the findings were not significant for either group. Compared with saline controls (7.34 ± 0.55, CI 6.24--8.44), bevacizumab (6.05 ± 0.54, CI 4.97--7.14) (*P* = 0.181) remained reduced, while ranibizumab tensile strength (7.99 ± 0.54, CI 6.91--9.08) (*P* = 0.402) was elevated compared with both groups. [Figure 2](#f2-opth-7-185){ref-type="fig"} presents a graphic summary of the findings for day 7 and day 14.

Histopathology
--------------

At the time of wound harvesting on day 7, 115/120 wound sites were clearly visible with central core defects and were harvested. All of the subjects had at least one biopsied wound harvested for histopathologic evaluation. Five biopsy sites (three bevacizumab, one ranibizumab, and one saline control) from five separate rabbits did not have clearly visible central core defects and were not harvested. On light microscopy, all of the wound margin borders were clearly visible and were scored. MNV scores were calculated from all of the 400× CD34-stained rabbit skin sections ([Figure 3](#f3-opth-7-185){ref-type="fig"}).

Both of the treatment groups were found to significantly inhibit the number of vessels compared with the placebo group (shown as mean with standard deviation and 95% CI). Compared with saline controls (18.31 ± 0.43, CI 17.45--19.16), bevacizumab (11.02 ± 0.45, CI 10.13--11.91) (*P* \< 0.0001) inhibited neovascularization in cutaneous wound margins. The mean MNV for ranibizumab was higher than bevacizumab and was significantly higher than saline control (13.55 ± 0.43, CI 12.70--14.41; *P* \< 0.0001) ([Figure 4](#f4-opth-7-185){ref-type="fig"}). The interobserver correlation coefficient was 0.921, indicating high interpretation agreement between raters (*P* \< 0.0001). Score 1 and score 2 were highly correlated, with a correlation coefficient of 0.928. The mean of score 1 and score 2 was used as the outcome variable to compare the treatment effects.

Discussion
==========

In this study, both intravitreal bevacizumab and ranibizumab were found to exert significant inhibition on cutaneous wound tensile strength and neovascularization in cutaneous wound margins at day 7 compared with saline controls. At day 14, neither agent produced a significant effect on tensile wound strength. This work demonstrates that intravitreally placed bevacizumab and ranibizumab suppresses cutaneous wound tensile strength during the proliferative phase of wound healing in a rabbit model.

The proliferation phase during wound healing usually occurs between days 4 and 14.[@b18-opth-7-185] Angiogenesis suppression at this phase disturbs the integrity of wound restoration.[@b19-opth-7-185]--[@b21-opth-7-185] This effect on cutaneous wound healing is the likely mechanism by which systemic bevacizumab adversely affects wound healing as previously described in several clinical studies.[@b6-opth-7-185],[@b8-opth-7-185]--[@b10-opth-7-185],[@b22-opth-7-185]--[@b24-opth-7-185] Following the proliferative phase of wound healing is the maturation phase, when the number of blood vessels in the wound decreases.

The suppressed histologic wound changes on day 7 translated to functional cutaneous changes as demonstrated by wound tension measurements. On day 14, differences in wound tensile strength between groups were not significant, and the number of vessels was decreased compared with those on day 7. The findings in this study are consistent with a recent report describing an inhibitory trend for MNV scores on day 7 for bevacizumab (*P* = 0.013) and ranibizumab (*P* = 0.071) compared with pegaptanib (*P* = 0.378) and untreated controls.[@b11-opth-7-185] In that report, the central cores were not removed and the average MNV scores were lower for all groups than in the present study.

In addition to the effects on wound healing, low rates of hypertension and arterial thromboembolic events including angina pectoris, myocardial infarction, transient ischemic attack, and cerebrovascular accident have been associated with both bevacizumab and ranibizumab.[@b25-opth-7-185]--[@b28-opth-7-185] Because of the small incidences of these events reported in these studies, they do not have enough statistical power to detect low rates of these events.[@b29-opth-7-185] At this time, the mechanism of serum availability of bevacizumab and ranibizumab after intravitreal injection is speculative. It may gain access to the systemic circulation either anteriorly through the trabecular meshwork or posteriorly through the retina and the choroidal circulation. The effects of bevacizumab and ranibizumab on wound healing following intravitreal injections are yet to be specifically examined in a major clinical trial involving these agents.

There were several limitations in this study. The use of a rabbit model has several inherent constraints. The vitreous volume in rabbits is approximately one-third that of humans (4.5 mL versus 1.5 mL), while the serum compartment is significantly smaller than that of humans. Clinical doses of intravitreal anti-VEGF agents in a rabbit model increase the systemic exposure of these agents in comparison with humans. The clearance half-lives of bevacizumab and ranibizumab have been found to be longer in adult humans than in rabbits, possibly because the larger vitreous volume results in lowered agent concentrations and increased diffusion time prior to clearance from the eye.[@b30-opth-7-185]--[@b33-opth-7-185] On the other hand, the rabbit vitreous volume is closer in size to that of a retinopathy of a prematurity eye (1.6--2.5 mL)[@b34-opth-7-185],[@b35-opth-7-185] and may be used to more accurately simulate the intravitreal pharmacokinetic properties of these agents in this group of patients. Furthermore, rabbit retinas contain a tapetum lucidum, and it is unclear how this affects agent absorption. Nevertheless, the rabbit model is an accepted and valuable experimental model for many human ocular and systemic conditions that otherwise could not be feasibly studied.

Each rabbit had at least one biopsied wound harvested for tensile and histopathologic evaluation. Eight wounds from day 7, and 1 wound from day 14 had incomplete central core defects and were excluded from the tensiometry data measurements. With incomplete core removal from the wound, normal skin tissue overgrowth occurs and dog bone wound tensiometry is measured high. This is a known limitation with tensile strength measurements in immature wounds and was an important reason that two wounds were created per subject. Similarly, five wound biopsies for histopathology were not harvested because of incomplete central core defects. Incomplete core defects result in a decreased inflammatory response and lowered endothelial cell proliferation. In a previous report where central cores were not removed, MNV scores for bevacizumab were 7.41 (versus 10.91), ranibizumab 8.71 (versus 13.51), and 11.51 (versus 18.37) for the controls. Lastly, we were, unfortunately, not able to directly measure ranibizumab and bevacizumab in the blood because the methodology was not available at our institution or any of our referral labs.

Rabbit VEGF has been found to bind to bevacizumab and is estimated to be 94% homologous with human counterparts of VEGF 121, 165, and 189 isoforms.[@b36-opth-7-185],[@b37-opth-7-185] Nevertheless, because of interspecies differences, it is somewhat presumptuous to extrapolate our findings in this rabbit model to clinical situations with humans. Clinicians should be aware of the potential for delayed wound healing, to be cognizant of their patients' recent surgical history and/or the presence of any open wounds, particularly in retinopathy of prematurity patients. Observation or the use of photodynamic therapy could be used as an alternative form of treatment during this period of time.

In summary, in the present study, intravitreal bevacizumab and ranibizumab were found to significantly suppress the wound tensile strength and neovascularization in cutaneous wound margins 1 week following treatment when compared with saline-treated placebo controls. Because of the increasing number of patients undergoing intravitreal anti-VEGF therapy, further studies of the effects of intravitreally placed anti-VEGF agents on the skin and other organ systems is warranted.
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![To assess the strength of the healing wounds, skin biopsies (30 mm × 80 mm) were harvested from the flanks of the bevacizumab-, ranibizumab-, and saline-treated rabbits 7 or 14 days post wounding (**A**). Following wound harvesting, the anesthetized rabbits were euthanized by intravenous injection of 3 mL of saturated potassium chloride. Each rectangular-shaped skin biopsy was stored in a 50 mL polypropylene conical tube containing normal saline solution and placed in ice for 2--4 hours until they were cut into dog bone--shaped specimens (gauge length of 2 mm and gauge width of 4 mm) for tensile testing (**B**). The harvested skin was placed in a position such that the biopsied site was in the center of the gauge length and width. The muscle fascia was removed from each dog bone specimen with a scalpel. Each specimen was then mounted into the grips of a TestResources mechanical tester model 1000R12 (TestResources, Shakopee, MN, USA) with a 50 lbf load cell (**C**).](opth-7-185f1){#f1-opth-7-185}

![Wound tension maximal load means with 95% confidence intervals and treatment group *P*-values for each group at days 7 and 14.\
**Note:** The adjusted *P*-values are in relation to saline control at each time point.\
**Abbreviations:** Bevac, bevacizumab-treated group; Ranib, ranibizumab-treated group; Saline, saline-treated group.](opth-7-185f2){#f2-opth-7-185}

![Representative CD34 histological figures of cutaneous wounds 1 week after wounding. At 20×, wound margins are demonstrated (**A**, **C** and **E**). At 400×, note increased numbers of endothelial cells counts in the placebo (about 17) (**B**) versus bevacizumab (about 11) (**D**) and ranibizumab (about 12) (**F**).](opth-7-185f3){#f3-opth-7-185}

![CD34 endothelial cell cluster per high power field means with 95% confidence intervals and treatment group *P*-values for each group at day 7.\
**Abbreviations:** NV, neovascularization; Bevac, bevacizumab-treated group; Ranib, ranibizumab-treated group; Saline, saline-treated group.](opth-7-185f4){#f4-opth-7-185}
